BACKGROUND: Puberty is a so-called critical period for overweight development and is characterized by physiological insulin resistance during mid-puberty. This study addressed the hypothesis that habitual consumption of a diet inducing higher levels of postprandial glycemia or insulinemia during puberty may have an unfavorable effect on the body composition in young adulthood. METHODS: Multivariate regression analysis was performed on 262 participants of the Dortmund Nutritional and Anthropometric Longitudinally Designed Study with at least two 3-day weighed dietary records during puberty (baseline: girls 9 --14 years; boys 10 --15 years) and anthropometric measurements in young adulthood (18 --25 years). A published dietary glycemic index was assigned to each carbohydrate-containing food. Similarly, each food was assigned a food insulin index (insulinemic response to a 1 MJ portion of food relative to 1 MJ of glucose) using 121 values measured at Sydney University. RESULTS: Dietary glycemic index or glycemic load during puberty was not related to body composition in young adulthood. In contrast, a higher dietary insulin index and a higher dietary insulin load during puberty were associated with higher levels of percentage of body fat (%BF) in young adulthood, even after adjustment for early life, socioeconomic and nutritional factors; %BF in energy-adjusted tertiles of dietary insulin index were 22.9 (95% confidence intervals (CI): 21.6, 24.1), 24.5 (23.2, 25.7), 24.7 (23.5, 25.9) %, P for trend ¼ 0.01; %BF in energy-adjusted tertiles of dietary insulin load were 22.8 (95% CI: 21.5, 24.0), 24.5 (23.2, 25.7), 24.8 (23.6, 26.0) %, P for trend ¼ 0.01. Adjustment for baseline %BF attenuated these relationships (P for trend ¼ 0.1 and ¼ 0.08, respectively). Dietary insulin demand was not related to body mass index. CONCLUSION: This study suggests a prospective adverse influence of dietary insulin demand during puberty on %BF in young adulthood. Postprandial increases in insulinemia rather than increases in glycemia appear to be implicated in an unfavorable development of body composition.
INTRODUCTION
Over the previous years, the relevance of the dietary glycemic index (GI) for the development of obesity has been controversially debated. Among adults, prospective cohort studies suggest a role of the dietary GI for body composition. 1 --4 However, similar associations have not been observed among healthy children and adolescents 5, 6 or overweight Latino adolescents. 7 Intervention studies in overweight and obese adults suggest a specific efficacy of low-GI weight-loss diets 8, 9 for persons with already increased insulin secretion levels. 9 Puberty is a so-called 'critical period' for overweight development, which is characterized by physiological insulin resistance and changes in levels of various hormones, including insulin-like growth factor (IGF)-1, growth hormones as well as sex steroids. 10 In fact, IGF-1 levels rise steeply during puberty and peak before the end of puberty, whereas the development of the insulin sensitivity follows the reverse course. 11, 12 It is possible that postprandial glycemia and insulinemia are relevant targets during puberty so as to prevent the development of an unfavorable body composition. Mechanisms linking the habitual consumption of high-GI foods to body composition include reduced satiety signaling, as fully gelatinized starches in high-GI foods do not reach the lower parts of the ileum, and enhanced carbohydrate oxidation and decreased fat oxidation in response to habitual postprandial glycemia and insulinemia. 13 In addition, reactive hypoglycemia in the late postprandial phase has been proposed to induce hunger and higher voluntary energy intakes.
14 Counter-regulatory hormone responses following this reactive hypoglycemia may have proteolytic effects, favoring the loss of lean body mass and a reduction of resting energy expenditure. 13 Finally, elevated IGF-1 levels may predispose to obesity later in life, 15 and the GI of a meal has been found to acutely affect the IGF-1 axis. 16 As high-GI foods influence both blood glucose and insulin levels, it is not clear which of these postprandial changes is potentially more relevant for an unfavorable development of body composition. Insulin secretion is also stimulated by dietary protein and, moreover, dietary protein and fat may both act synergistically with carbohydrates, raising insulin levels and reducing postprandial glycemia. 17 --19 The food insulin index (FII) compares the postprandial insulin response to any food relative to a reference food (glucose) and also, unlike the GI, considers foods with no or low amounts of carbohydrates. 20 This study addressed the hypothesis that habitual consumption of a diet inducing higher levels of postprandial glycemia or insulinemia during puberty may have an unfavorable effect on body composition in young adulthood.
METHODS

Study population
The present study was ancillary to the Dortmund Nutritional and Anthropometric Longitudinally Designed Study (DONALD Study), an ongoing, open cohort study conducted at the Research Institute of Child Nutrition in Dortmund, Germany. Details on this study have been described elsewhere. 21 Briefly, as the recruitment began in 1985, detailed data on diet, growth, development, and metabolism between infancy and adulthood have been collected from 41300 healthy children. Every year, an average of 50 infants are newly recruited and first examined at the age of 3 months. Each child returns for three more visits in the first year, two in the second and then once annually until adulthood. The study was approved by the Ethics Committee of the University of Bonn, and all examinations are performed with parental consent.
The children who were initially recruited for the DONALD Study differed considerably in age. Because of the open cohort design, many children have not yet reached young adulthood. In total, 394 subjects were aged 18 years or older by the time of this analysis. They were term (37 --42 week gestation) singletons with a birth weight X2500 g and had at least one anthropometric measurement in young adulthood. As we were interested in the long term-relevance of dietary parameters during adolescence for adult body composition, we regressed dietary intake on the last anthropometric measurement available during young adulthood (X18 and p25 years of age, mean age ¼ 20.3 years). Of these, 308 participants had provided at least two 3-day weighed dietary records at baseline (puberty was defined by chronological age: girls 9 --14 years, boys 10 --15 years), allowing the estimation of habitual dietary intake during puberty. Participants who were identified to consistently underreport their energy intake (that is, all food records were implausible or they had provided more implausible than plausible food records) were excluded from the study (n ¼ 23). A 3-day weighed dietary record was considered plausible when the total recorded energy intake was adequate in relation to the basal metabolic rate (estimated from the Schofield equations 22 ) using modified cut-offs from Goldberg et al. 22, 23 Overall, 1379 records were included (2 --7 records per participant). Furthermore, participants had to have anthropometric data available at baseline and information on relevant covariates such as early life (for example, breast feeding) and socioeconomic factors (for example, maternal overweight). This resulted in a final sample of 262 participants (53.6% female, 46.4% male).
Anthropometric measurements
Participants are measured at each visit according to standard procedures, 24 dressed in underwear only and barefoot. From the age of 2 years onward, standing height is measured to the nearest 0.1 cm using a digital stadiometer (Harpenden Ltd., Crymych, UK). Body weight is measured to the nearest 100 g using an electronic scale (Seca 753E; Seca Weighing and Measuring Systems, Hamburg, Germany). Skinfold thicknesses are measured from the age of 6 months onward at four different sites (supra-iliacal, subscapular, biceps, triceps) on the right side of the body to the nearest 0.1 mm using a Holtain caliper (Holtain Ltd., Crosswell, United Kingdom). Since 2005, waist circumference is also routinely measured according to World Health Organization recommendations at the midpoint between the lower rib margin and the iliac crest. 25 The three trained nurses who perform the measurements undergo an annual quality control, conducted in six to eight healthy young adult volunteers. Average inter-and intraindividual variation coefficients obtained in the last 6 years (2005 --2010) were 0.7 and 1.8% for waist circumference, 7.9 and 12.7% for biceps, 5.4 and 6.2% for triceps, 5.2 and 7.8% for subscapular, and 7.5 and 9.1% for supra-iliacal skinfolds.
Anthropometric calculations
Regarding body mass index (BMI, kg m À2 ) in puberty, sex-and ageindependent standard deviation scores were calculated using the German reference curves for BMI. 26 Percentage body fat (%BF) was derived using equations of Slaughter et al. 27 for pubescent children, which consider triceps and subscapular skinfolds. Overweight during puberty was defined according to values proposed by the International Obesity Task Force, which correspond to an adult BMI of 25 kg m À2 . 28 The reference values for %BF published by McCarthy et al. 29 were used to determine pubertal participants with excess body fatness, that is, %BF above the 85th percentile. 29 Regarding anthropometric data in young adulthood, BMI was calculated and %BF was estimated from skinfolds using Durnin and Womersley equations, 30 which are based on triceps, biceps, scapular and iliacal skinfolds.
Nutritional assessment
Food consumption in the DONALD Study is assessed annually using 3-day weighed dietary records. All foods and beverages consumed are weighed and recorded, as well as leftovers, to the nearest 1 g over 3 days using electronic food scales (initially Soehnle Digita 8000; Leifheit SG, Nassau; Germany; now WEDO digi 2000; Werner Dorsch Gmbh, Muenster/Dieburg, Germany). For this analysis, dietary variables were calculated as individual means of the 3-day weighed dietary records using LEBTAB, 31 the in-house database, which is continuously updated to include all recorded food items. LEBTAB is based on the German standard food tables 32 and data obtained from commercial food products. Currently, LEBTAB contains more than 13 100 entries, including additives, supplements and medicine, that is, 1207 basic food items and 10 832 composite foods.
To better describe the habitual dietary intake during puberty, an individual average intake was calculated from at least two records during puberty.
Dietary GI and insulin index
Dietary GI is defined as the incremental area under the curve of glucose response following the intake of 50 g of carbohydrate from a test food as compared with area under the curve of glucose response induced by the same amount of carbohydrate ingested as glucose in 5 --10 separate individuals. 33 A published GI value 34 was assigned to each carbohydratecontaining food recorded in the dietary records (based on glucose as the reference food) according to a standardized procedure. 35 The carbohydrate content (in grams) of each consumed food was then multiplied by the food's GI to obtain its glycemic load (GL). The sum of these GL values for each subject corresponds to the total daily GL. The overall GI is obtained by dividing the total daily GL by the total daily carbohydrate intake.
The FII is defined as the insulinemic response (area under the curve) following the intake of 1000 kJ of a food relative to the insulinemic response to glucose that is, the reference food (FII ¼ 100). 20 Foods originally tested against a white-bread standard were converted to the glucose standard by a conversion factor of 0.73. For the present analysis, 121 FII values measured at Human Nutrition Unit School of Molecular and Microbial Biosciences University of Sydney, Australia in groups of 10 individuals 36 were available to assign a FII value to each food recorded in the dietary records according to a standardized procedure similar to that established for GI assignment ( Figure 1 ). The dietary GL was the principal consideration when matching foods rich in carbohydrates with an available FII, as it is the best predictor of FII. 20, 36 The protein content was used as a guide to find the best match when carbohydrate content was low. A published FII or a close match was available for 36% of the foods (steps 1 and 2), a weighted mean was calculated for another 33% (step 4) and 18% of the foods were assigned the mean FII of the respective food group (step 3). For 11% of the foods the FII value was assigned zero (step 6) and the GL ratio was used to calculate the FII of 3% foods (for example, FII sucrose ¼ GL sucrose /GL glucose Â FII glucose ; step 5). The average dietary insulin load was calculated by summing the product of FII, energy content and consumption frequency over all recorded food items in the 3-day dietary records. The average dietary insulin index was calculated by dividing the insulin load by total energy intake. 37 
Potentially confounding factors
On their child's admission to the study, parents are interviewed by the study pediatrician, and weighed and measured by the study nurses using the same equipment as for children from 2 years onward. Information on the child's birth characteristics are abstracted from the 'Mutterpass', a standardized document given to all pregnant women in Germany. The duration of full breastfeeding (no solid foods and no liquids other than breast milk, tea or water) is inquired by the pediatricians at the first visits until complementary feeding is initiated. For this analysis the following characteristics were considered: breastfeeding status (ever fully breastfed (yes/no) was defined as fully breastfed 42 weeks), maternal overweight status (BMI X25 kg m À2 ), high maternal educational status (X12 years of schooling) and smoking in the household (yes/no).
Statistical analysis
To analyze the potential relation of dietary insulin index, insulin load, GI and GL during puberty with body composition in young adulthood, the distribution of these dietary variables was grouped into tertiles (T1 --T3). Tests for differences were performed among the tertiles of dietary insulin index, insulin load, GI and GL using ANOVA for normally distributed continuous variables, Kruskal --Wallis test for non-normally distributed continuous variables and w 2 -test for categorical variables. Analysis of the association between diet during puberty and body composition in young adulthood was performed by multiple linear regression analysis. As BMI was not normally distributed it was log-transformed before the analysis. Each potential confounder was initially considered separately and included if it modified the respective association substantially. Thus, sex was retained in the basic model (model A). In a further step, we also adjusted for early life (breastfeeding) and socioeconomic factors (maternal overweight) as well as other nutritional factors (model B). In a final model, we controlled for confounding by body composition at baseline (model C). All dietary variables except dietary insulin index and GI were energy adjusted using the residual method. 38 To account for age-dependent changes in intake levels all variables were standardized by age group and sex (mean ¼ 0, s.d. ¼ 1). 6 The adjusted means (that is, least-squares means predicted by the model when the other variables were held at their mean values) are presented with their 95% confidence interval by tertiles. P-value o0.05 was considered as statistically significant. All statistical analyses were carried out using SAS procedures (version 9.1.3, SAS Institute, Cary, NC, USA).
RESULTS
Subjects who were excluded from the study sample (n ¼ 132) did not differ in sex, birth weight or length, gestational age, BMI and %BF in young adulthood from those who were included (n ¼ 262) (data not shown).
Baseline characteristics of the 262 healthy participants did not differ across tertiles of GI and GL. However, subjects with a diet in the lowest tertile of insulin index and insulin load were less likely to be overweight at baseline and those in the lowest tertile of insulin load tended to have lower levels of %BF at baseline. Furthermore, participants in the lowest tertile of the dietary insulin load were less likely to have had mothers with a high level of education (Table 1) . Mean BMI --standard deviation scores during puberty were close to zero, indicating that the BMI values at baseline were comparable to the German reference population.
Participants in the highest dietary insulin index and insulin load tertile had lower of total and saturated fat, total and animal protein, but higher intakes of vegetable protein, carbohydrate, and added sugar (% of total energy, %E) as well as higher dietary GI and GL compared with participants in the lowest dietary insulin index and insulin load tertile (Table 2 ). Comparable differences were seen across tertiles of GL. A higher dietary GI was related to lower intakes of total and animal protein as well as fiber, and higher added sugar intake (%E), a higher dietary insulin index and a higher GL.
Overall, dietary insulin index, insulin load, GI and GL during puberty were not related to BMI in young adulthood, (Table 3) and dietary GI and GL during puberty were not related to %BF in young adulthood (Table 4 ). However, a higher dietary insulin index School education for at least 12 years.
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and insulin load during puberty was associated with a higher %BF in young adulthood, even after adjustment for early life, socioeconomic and nutritional factors (model B for insulin index and insulin load, both P for trend ¼ 0.01). Additional consideration of baseline %BF attenuated these relationships (model C, P for trend ¼ 0.1 for insulin index and P for trend ¼ 0.08 for insulin load). Model B did not include fiber as a covariate because it did not affect the associations between dietary insulin index or insulin load and body composition. Intakes of carbohydrate, protein or fat were not considered because those macronutrients contribute to the dietary insulin index and insulin load. However, as protein may also conduce higher lean mass, 39 we included this macronutrient as a covariate in a further step (data not shown) and observed a similar association between higher dietary insulin index and insulin load during puberty, and higher %BF in young adulthood (insulin index: P for trend ¼ 0.0965; insulin load: P for trend ¼ 0.07).
In an additional analysis we included carbohydrates and protein to address the effect of qualitative changes in dietary insulin index only, by holding the macronutrient intake constant, that is, the effect of substituting carbohydrate-and protein-rich foods of a high insulin demand for carbohydrate-and protein-rich foods with a low insulin demand on %BF in young adulthood. Using this qualitative approach, a higher dietary insulin index (Figure 2 Abbreviations: GI, glycemic index; GL, glycemic load; T, tertile. Values are means and 95% confidence interval. Model A: adjusted for sex. Model B: adjusted for sex, early life factors (breast feeding), socioeconomic factors (maternal overweight) and nutritional factors (insulin index: energy; insulin load: energy; GI: energy, fiber, protein; GL: energy, fiber, protein). Model C: Model B + adjustment for baseline (body mass index). respectively). Similar results were obtained when adjusting for intakes of carbohydrates and fat, or intakes of protein and fat (data not shown).
Dietary insulin index, insulin load, GI and GL were not related to waist circumference, which was, however, available for a subsample of 196 participants only (data not shown).
We performed a number of additional analyses using the minimum number of two dietary records per subject only, randomly selecting two records for those participants who had provided more than two records (n ¼ 262) the first anthropometric measurement in young adulthood as an outcome (n ¼ 262) anthropometric measurements at the age of 18 years as an outcome (n ¼ 218)
All approaches yielded similar results for the relationships of the dietary insulin index or insulin load to %BF (data not shown).
DISCUSSION
To the best of our knowledge, the present study provides new epidemiological evidence on a prospective relevance of dietary insulin demand during puberty for %BF in young adulthood among a healthy free-living population. Although our data are purely observational and hence need to be interpreted cautiously, our study suggests that postprandial rises in insulinemia rather than glycemia may have adverse consequences for the development of body composition in early adulthood. 
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Abbreviations: GI, glycemic index; GL, glycemic load; T, tertile. Values are means and 95% confidence intervals. Model A: adjusted for sex. Model B: adjusted for sex, early life factors (breast feeding), socioeconomic factors (maternal overweight) and nutritional factors (insulin index: energy; insulin load: energy; GI: energy, fiber, protein; GL: energy, fiber, protein). Model C: Model B + adjustment for baseline (percentage body fat). The mechanistic role of high postprandial insulin levels for a specific gain in %BF may be traced to the preferential direction of nutrients away from oxidation in muscle and toward storage in fat. 40 In line with this, Chaput et al. 41 reported that postprandial hyperinsulinemia at 30 min strongly predicted weight gain and change in waist circumference over 6 years in adults, especially among those consuming lower-fat diets. Furthermore, high insulin and low plasma glucagon levels may restrain hepatic glucose production and suppress lipolysis. 42 Thus, over a longer term, consistently high postprandial demand on the beta-cells may eventually reduce insulin sensitivity 14 and also promote the development of higher %BF. 43, 44 Another plausible mechanism by which a high dietary insulin index or insulin load (that is, insulin demand) may contribute to a higher %BF may work through cross-stimulation of both insulin and IGF-1 secretion. 45 In vitro studies using cultures of adipocyte precursor cells found a stimulatory effect of higher levels of IGF-1 on the proliferation of preadipocytes, which may therefore contribute to body-fat formation. Furthermore, IGF-1 stimulated the cellular glucose uptake in preadipocytes and adipocytes, increased lipogenesis and inhibited lipolysis in adipocytes. 46 We speculate that the physiological insulin resistance and the concurrent elevations of IGF-1 levels during puberty may work together to increase the susceptibility to postprandial insulinemic spikes and thus contribute to the development of high body fat.
In our view, it is plausible that we did not observe an association between dietary GI and body composition in our cohort of relatively lean subjects with physiological insulin resistance affecting peripheral tissues, 47 as a higher dietary GI may be of relevance primarily among persons who already respond with exaggerated insulin responses. 9 This may also explain why other studies reported associations between dietary GI and body composition mainly among overweight and less insulin-sensitive persons. 8, 9 Conversely, we had expected to find at least a tendency for a comparable relation between dietary GL and body composition, as dietary GL has recently been identified as the best indirect predictor of the postprandial insulin response. 36 However, although the main contribution to the insulin responses arises from carbohydrate-rich foods, Bao et al. 36 reported dietary GL to explain only 46% of the observed variability in insulin responses, that is, foods with little or no carbohydrates and a higher protein and fat content make additional important contributions.
It could be argued that the association between dietary insulin demand and unfavorable body composition may be primarily attributable to one macronutrient only (for example, carbohydrates). However, our additional analysis adjusting for protein, carbohydrates and energy suggests that in particular substitutions of carbohydrate-and protein-rich foods with a higher insulin demand for carbohydrate-and protein-rich foods with a lower insulin demand are the relevant principle for the associations with body fat. In addition, further adjustment for protein enhanced the association between dietary insulin demand and body fat. This may reflect a bi-directional relevance of dietary protein, which may contribute to a higher lean body mass on the one hand 39 and a higher insulin secretion 17 or lower insulin clearance on the other hand. 48 The relationship between a higher dietary insulin demand during puberty and a higher %BF in young adulthood was attenuated by the additional consideration of baseline %BF. While this confirms the prevailing long-term relevance of %BF already in childhood, we may have also corrected for earlier effects of dietary insulin demand on body composition. It may be that the dietary insulin demand has a more important role in adolescents who are overweight or have a higher %BF. In our sample we did not find a consistent interaction between overweight or excess body fat at baseline and dietary insulin demand concerning %BF in young adulthood, but this may be attributable to the fact that our sample is comparatively healthy with lower prevalences of overweight or excess body fat.
Our study has several limitations. First, we applied the FII concept, developed to quantify the insulin response to foods ---to estimate the dietary insulin demand. Hence, the limitations debated for the estimations of dietary GI 49 --51 also apply to the estimation of dietary insulin demand. As the FII assignment was based only on 121 published FII values it must be considered crude, yet allowing a classification of foods in FII groups. 52 Second, %BF was estimated from skinfold thickness measurements, which are known to be more susceptible to measurement error than are specialized research-based techniques. Other more accurate methods to estimate %BF, such as hydrostatic weighing, may be preferable to estimate body fat, 53 but the skinfold equations of Durnin and Womersley 30 are feasible and agree, on average, very well with results from hydrostatic weighing. 53 Furthermore, measurements were conducted by trained and quality-monitored personnel, which has been shown to reduce intra-and interobserver variability considerably, 54 as was the case in the present study. Third, the DONALD population has a relatively high socioeconomic status, 55 as reflected by the parental educational level. It is possible that the relative homogeneity of the healthy DONALD sample means that extremes of diet or behavior are not represented. However, non-representativeness is less relevant for the present analysis and will likely result in underestimation rather than overestimation of the true associations. On the other hand, the homogeneity of our sample might have reduced our vulnerability to residual confounding. Finally, we examined the long-term relevance of the dietary insulin demand, GI and GL on body composition at a single point in young adulthood only, as presently only 141 participants had at least two anthropometric measurements in both adolescence and young adulthood. In the future, continued follow-up of our participants will also allow analyses of growth trajectories.
A clear strength of our study is its prospective nature and the carefully collected, repeated data on growth, the availability of data on several possible confounders, such as parental characteristics and repeated dietary data. Overall the analyses were based on 1379 weighed 3-day dietary records, that is, on average each subject had provided 5 dietary records during puberty (2 --7 records). A further advantage lies in the use of 3-day weighed dietary records, which permitted a particularly detailed assignment of dietary GI values for each carbohydrate-containing and FII values for all foods.
In conclusion, our analysis indicates that postprandial increases in insulinemia rather than glycemia are implicated in an unfavorable development of body fat in the critical period of puberty.
